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etc.; T represents Fe, etc.; and A represents Al, etc; 0.05<x<0.2; and -l<y<l) including a melting step of melting alloy raw materials 
at 1,200 to 1,800**C; and a solidification step of rapidly quenching the molten metal produced through the above step, to thereby form 
the first RE-containing alloy, wherein the solidification step is performed at a cooling rate of 10^ to lO^^C/second, as measured at least 
within a range of the temperature of the molten metal to QOO^'C; and an RE-containing alloy, which is represented by a compositional 
formula of RrTtAa (wherein R and A represent the same meaning as above, T represents Fe, etc.; 5.0 at.% ^6.8 at%, 73.8 at.% 
<t<88.7 at%. and 4.6 at-% ^a<19.4 at.%) and has an alloy microstructure containing an NaZnn-type crystal structure in an amount 
of at least 85 mass% and a-Fe in an amount of 5-15 mass% inclusive. 



BEST AVAILABLE COPY 



W^004/038055 Al liliilili#lllllllilllllilllliyillllllli^ 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



wo 2004/038055 



1 



PCT/JP2003/013494 



DESCRIPTION 

ALLOY CONTAINING RARE EARTH ELEMENT, PRODUCTS 

THEREOF, MAGNETOSTRICTIVE DEVICE, AND MAGNETIC 
REFRIGERANT MATERIAL 

Cross-reference to related applications 

This application claims the benefit pursuant to 35 U.S.C. §11 9(e)(1) of U.S. 
Provisional Applications, No. 60/424,015 filed November 6, 2002 and No. 60/488,095 
filed July 18, 2003. 

TECHNICAL FIELD 
The present invention relates to a method for producing an alloy containing a rare 
earth element (hereinafter referred to as RE-containing alloy), to an RE-containing alloy, to 
a method for producing an RE-containing alloy powder, to an RE-containing alloy powder, 
to a method for producing a sintered RE-containing alloy, to a sintered RE-containing alloy, 
to a magnetostrictive device, and to a magnetic refiigerant More particularly, the 
invention relates to a technique for producing an NaZnia-type RE-containing alloy which is 
suitable for producing a magnetostrictive device, a magnetic refiigerant, etc. 

BACKGROUND ART 
Magnetostrictive devices, which generate strain through application of a magnetic 
field, are employed as magnetostrictive sensors, magnetostrictive vibrators, and similar 
devices for generating or detecting displacement with precision. Conventionally, RE- 
containing intermetallic compoimds such as TbFea, DyFe2, and SmFea are employed as 
magnetostrictive materials. However, these intermetallic compounds generate only 
minute displacement, and precise control of the generated displacement is diflBcult. 
Therefore, these compounds cannot be applied to magneto-displacement devices for 
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controlling minute displacement. 

Meanwhile, GGG (gallium gadolinium garnet) is known to be a magnetic 
refrigerant which may be applicable to magnetic refrigerators or similar devices. 
However, GGG has not yet been used in a commercial product, because of its poor 



In recent years, an RE-containing alloy having an NaZni3 phase (hereinafter 
referred to as "NaZnj3-type RE-containmg alloy") has been foimd to exhibit large 
magnetostrain and high magnetocaloric eflFect. By virtue of these properties, this type of 
alloy is thought to be a candidate magnetostrictive material, magnetic refrigerant, etc. 

Specifically, La(FeaSii-a)i3 (0.84 < a ^ 0.88) is disclosed to exhibit a magnetostram 
as large as about 0.4% at 200 K under >4T (see, for example, non-patent reference 1). 

It is also disclosed that, when the above compound is transformed into La(FeaSii- 
a)i3Hb (0.84 < a ^ 0.88, 1 .0 < b < 1 .6) through hydrogen absorption or similar treatment. 
Curie temperature can be controlled and magnetocaloric ejBfect can be maintained at a high 
level (see, for example, non-patent reference 2). 

Conventionally, NaZn^-type RE-containing alloys such as La(FeaSii-a)i3 (0.84 ^ a 
< 0.88) have been produced by weighing alloy raw materials such as high-purity La, Fe, Si, 
etc., so as to attain a desired alloy composition and mixing; melting the mixture through 
arc melting; and heating the product for a considerably long period of time (e.g., at 
1,050®C for 1,000 hours) in order to remove an undesired phase (see, for example, non- 
patent reference 2). 

In the conventional method for producing NaZn^-type RE-containing alloys, the 
long-term heat treatment step for removing an undesired phase lowers productivity and 
increases costs in the production of NaZnjs-type RE-containing alloys, devices employmg 
the alloys, and other products employing the alloys. 

Among RE-containing alloys having an NaZn^ structure, an La-Fe-Si alloy has 



refrigeration eiBSciency upon application of a weak magnetic field provided by a permanent 



magnet. 
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been found to exhibit magnetic phase transition concomitant with a large entropy change in 



accordance with a change in the external magnetic field and to have no temperature 
hysteresis in the magnetocaloric effect. By virtue of these properties, this type of alloy is 
considered a candidate magnetic relBrigerant. 

The magnetic phase transition temperature of the La-Fe-Si alloy can be controlled 
by absorbing hydrogen into the alloy, and the change in entropy does not decrease even 
when hydrogen is absorbed (see non-patent reference 2). Therefore, when the magnetic 
phase transition temperature of the aUoy is controlled to approximately room temperature 
and a permanent magnet is employed to generate a magnetic field, the alloy can be used as 
a magnetic refiigerant which can work at about room temperature. 

In addition, this type of alloy, which exhibits a large, isotropic volume change 
under application of an external magnetic field, is also considered a candidate 
magnetostrictive material (see non-patent reference 1). 

A conventionally known method for producing an La-Fe-Si alloy having an NaZnn 
structure includes arc-melting raw material metals (i.e.. La, Fe, and Si), to thereby form an 
alloy ingot; heating the alloy ingot in an inert atmosphere at 1,000 to 1, 200^*0 for 240 
hours to 1,000 hours, to thereby form a mother alloy; re-melting the mother alloy; 
atomizing the formed molten alloy in an atmosphere for cooling, to thereby produce 
spherical particles; and absorbing hydrogen into the particles, to thereby control the 
magnetic phase transition temperature to a predetermined level (see patent reference 1). 

However, the aforementioned conventional method for producing an RE-containing 
alloy powder has a drawback. Namely, since the method includes a long-tenn heat 
treatment and two melting steps, production costs increase and oxygen content of the alloy 
increases, even though low-cost material is used, 

[Non-Patent Reference 1] 
Maya FUJITA and Kazuaki FUKAMICHI, Itinerant-Electron Metamagnetic 
La(FexSii.x)i3 Compounds, "Solid-State Physics," Vol. 37, No. 6, (2002), p. 419-427 
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[Non-Patent Reference 2] 
Maya FUJITA, Shun FUJIEDA, and Kazuaki FUKAMICHI, Large Magnetic 
Volume and Magnetocaloric EjBFect of Itinerant-Electron Metamagnetic La(FexSii.x)i3 
Compounds, "Materia," Vol. 41, No. 4, (2002), p. 269-275 
[Patent Reference 1] 
Specification of Japanese Patent Application Laid-Open {kokai) No. 2003-96547 
[Problems to be Solved by the Invention] 

The present invention has been conceived under such circimistances. Thus, an 
object of the present invention is to provide a technique capable of producing an NaZnia- 
type RE-containing alloy at high efficiency vsdthout performing a long-period heat 
treatment step. Another object of the invention is to provide an NaZnis-type RE- 
containing alloy produced through the technique. Still another object of the invention is 
to provide a magnetostrictive device fabricated jfrom the Na2jii3-type RE-containing alloy. 
Yet another object of the invention is to provide a magnetic refrigerant produced jfrom the 
NaZni3-type RE-containing alloy. 

In addition, an object of the present invention is to provide an RE-containing alloy 
powder which is easily pulverizable, is not too brittle, and can be produced at low cost, 
within a short time, and without increasing the oxygen content of the RE-containing alloy 
powder or a sintered product of the alloy which is employed as a magnetic refrigerant or a 
magnetostrictive material. 

The present inventor has carried out extensive studies in order to solve the 
aforementioned problem, and has discovered the following method for producing an RE- 
containing alloy, an RE-containing alloy, a method for producing an RE-containing alloy 
powder, an RE-containing alloy powder, a method for producing a sintered RE-containing 
alloy, a sintered RE-containing alloy, a magnetostrictive device, and a magnetic refiigerant. 
The present invention comprises the following items (1) to (22). 
(1) A first method for producing a first RE-containing alloy represented by fomiula 
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R(Ti.xAx)i3-y (wherein R represents at least one species selected from among La, Ce, Pr, 
Nd, Sm, Eu, Tb, Dy, Ho, Tm, Yb, Gd, and Lu; T represents at least one species selected 
from among Fe, Co, Ni, Mn, Pt, and Pd; and A represents at least one species selected from 
among Al, As, Si, Ga, Ge, Mn, Sn, and Sb (0.05 ^ x ^ 0.2; and -1 < y ^ 1)) comprising a 
melting step of melting alloy raw materials at 1,200 to 1,800°C; and a solidification step of 
rapidly quenching the molten metal produced through the above step, to thereby form the 
first RE-containing alloy, wherein the solidification step is performed at a cooling rate of 

2 4 

10 to 10 "Cysecond, as measured at least within a range of the temperature of the molten 
metal to POO^C. 

(2) The method for producing an RE-containing alloy according to (1), wherein, in 
the melting step, the alloy raw material is melted in an mert gas atmosphere at 0.1 to 0.2 
MPa. 

(3) A method for producing the first RE-containing alloy according to (1), wherein 
in the solidification step, the molten metal is rapid-quenched through any of strip casting, 
new centrifugal casting, and centrifugal casting. 

(4) Ariiethod for producing the first RE-containing alloy according to (3), wherein 
the molten metal is rapidly quenched through strip casting in the solidification step, to 
obtain strips having a thickness of 0.1 to 2.0 mm. 

(5) A second method for producing a second RE-containing alloy comprising a 
melting step and a solidification step for producing a first RE-containing alloy according to 
(1), and a heat treatment step of heating at 900 to 1,200°C the first RE-containing alloy 
that is produced through the solidification step, to thereby form an NaZn,3 phase. 

(6) The second method for producing a second RE-containing alloy according to 

(5) , wherein the NaZma phase is formed through the heat treatment step, which is 
performed for a period of from one minute to 200 hours. 

(7) The second method for producing a second RE-containmg alloy according to 

(6) , wherein the heat treatment is performed at a temperature of 1080°C to 1200°C and for 
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a period of firom 3 to 42 hours. 

(8) The first RE-containmg alloy which is obtainable through the method of any 

oneof(l)to(4). 

Through the first methods of the present invention for producing a first RE- 
containing alloy (that is the above (1) to (4)), an RE-containing alloy suitably used for 
producing an NaZnia-type RE-containing alloys (i.e., a starting alloy for an NaZnia-type 
RE-containing alloy) are produced. NaZnia-type RE-containing alloys are produced 
through the second methods of the present invention for producing RE-containing alloys 
((5) and (6)). 

(9) A first RE-containing alloy, which is represented by formula R(Ti.xAx)i3.y 
(wherein R represents at least one species selected firom among La, Ce, Pr, Nd, Sm, Eu, Tb, 
Dy, Ho, Tm, Yb, Gd, and Lu; T represents at least one species selected firom among Fe, Co, 
Ni, Mn, Pt, and Pd; and A represents at least one species selected from among Al, As, Si, 
Ga, Ge, Mn, Sn, and Sb (0.05 ^x< 0.2; and -1 < y ^ 1)), and which comprises an R-rich 
phase, having a relatively high rare earth metal (R) content, and an R-poor phase, having a 
relatively low rare earth metal (R) content, wherein the R-rich phase and the R-poor phase 
are dispersed at a phase spacing of 0.01 to 100 jimi. 

In the present specification, the R-rich phase spacing, the R-poor phase spacing, 
and the size of each phase are evaluated by use of back-scattered electron images of the 
alloy observed under a seaming electron microscope. 

In a back-scattered electron image of the alloy, a portion having a large average 
atomic weight is observed as a white image, whereas a portion having a small average 
atomic weight is observed as a black image. In other words, the R-rich phase is observed 
as a white image, and the R-poor phase, having a rare earth metal content lower than that 
of the R-rich phase, is observed as a gray image. In a specific procedure, a back-scattered 
electron image of an alloy sample is taken at an appropriate magnification as a rectangular 
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image, and the image data are converted to two values corresponding to black and white by 
use of image processing software. Subsequently, a lateral segment and a longitudinal 
segment through the center, and two diagonals (total four segments) are drawn in the 
rectangular image. The total lengths of the white portions that intersect each segment are 
measured, and the four measured lengths are averaged, to thereby derive the size of the R- 
rich phase (i.e., equivalent to R-poor phase spacing). In a similar manner, the total length 
of the black portions that intersect each segment is measured, and the four measured 
lengths are averaged, to thereby derive the size of the R-poor phase (i.e., equivalent to R- 
rich phase spacing). 

(10) A second RE-containing alloy, which is represented by formxala R(T|-xAx)i3.y 
(wherein R represents at least one species selected from among La, Ce, Pr, Nd, Sm, Eu, Tb, 
Dy, Ho, Tm, Yb, Gd, and Lu; T represents at least one species selected from among Fe, Co, 
Ni, Mn, Pt, and Pd; and A represents at least one species selected from among Al, As, Si, 
Ga, Ge, Mn, Sn, and Sb (0.05 < x < 0.2; and -1 ^ y ^ 1)), wherein the alloy has an NaZni3 
phase content of at least 90 vol.%. 

(1 1) Amagnetostrictive device provided from the second RE-containing alloy 
according to (10). 

(12) A magnetic refrigerant provided from the second RE-containing alloy 
according to (10). 

The magnetostrictive device and magnetic refrigerant of the present invention are 
characterized by bemg produced from the aforementioned second RE-containing alloy of 
the present invention (an NaZni3-type RE-containing alloy). 

(13) An RE-containing alloy, which is represented by a compositional formula of 
RfTtAa (wherein R represents at least one rare earth element selected from among La, Ce, 
Pr, Nd, Sm, Eu, Tb, Dy, Ho, Tm, Yb, Gd, and Lu; T collectively represents transition metal 
elements containing at least Fe atoms, a portion of the Fe atoms being optionally 
substituted by at least one species selected from among Co, Ni, Mn, Pt, and Pd; A 
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represents at least one element selected from among Al, As, Si, Ga, Ge, Mn, Sn, and Sb; 
and r, t, and a have the following relationships: 5.0 at.% < r < 6.8 at.%, 73.8 at.% < t ^ 88.7 
at.%, and 4.6 at.% < a < 1 9.4 at.%) and having an alloy microstructure containing an 
NaZni3-type crystal structure in an amount of at least 85 mass% and a-Fe in an amoimt of 
5-15 mass% inclusive. 

(14) A method for producing an RE-containing alloy powder, comprising 
pulverizing, by mechanical means, the RE-containing alloy according to (13) to a powder 
having a mean particle size of 0.1 }im to 1.0 mm. 

(15) An RE-containing alloy powder comprising an RE-containing alloy according 
to (13), which has a mean particle size of 0.1 pm to 1.0 mm. 

(16) A magnetic refrigerant comprising the sintered RE-coiitaining alloy powder 
according to (15), wherein the Curie temperature of the magnetic refrigerant has been 
controlled through absorption of hydrogen in the sintered RE-containing alloy. 

(17) A method for producing a sintered RE-containing alloy, which comprises 
compacting an RE-containing alloy powder produced through a method for producing an 
RE-containing alloy powder as described in (14), and sintering the compact. 

(18) The method for producing a sintered RE-containing alloy described in (17), 
wherein the sintering is performed at 1, 200^*0 to 1,400°C. 

(19) The method for producing a sintered RE-containing alloy described in (17) or 
(18), wherein, after completion of sintering the RE-containing alloy powder, the sintered 
alloy is maintained in a hydrogen atmosphere at lOO^'C to 300*^C, to thereby absorb 
hydrogen into the sintered alloy. 

(20) A sintered RE-containing alloy, which is formed by compacting the RE- 
containing alloy powder as recited in (15), and sintering the compact. 

(21) A magnetostrictive material comprising the sintered RE-containing alloy as 
recited in (20), wherein the Curie temperature of the magnetostrictive material has been 
controlled through absorption of hydrogen into the sintered RE-containing alloy. 
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(22) A magnetic refrigerant comprising the sintered RE-containing alloy as recited 
in (20), wherein the Curie temperature of the magnetic refrigerant has been controlled 
through absorption of hydrogen into the sintered RE-containing alloy. 

According to the present invention, there can be provided a technique capable of 
producing an NaZnia-type RE-containing alloy at high efficiency without performing long- 
term heat treatment; an NaZnis-type RE-containing alloy produced through the technique; 
and a magnetostrictive device and a magnetic refrigerant obtained from the NaZnn-type 
RE-containing alloy. 

Further, according to the present invention, a magnetostrictive material and a 
magnetic refrigerant formed of an RE-containing alloy (e.g., La-Fe-Si) having an NaZnia 
structure can be reliably produced at low cost, compared with conventional methods. The 
present invention contributes toward mass production of magnetic refrigerator and 
magnetostrictive devices. 



FIG 1 shows a typical production apparatus suitably used in the first method of the 
present invention for producing an RE-containing alloy. 

FIG 2 shows a back-scattered electron image of a cross-section of a sample of 
La(Feo.89Sio.ii)i3 alloy produced through strip casting. 

FIG 3 is an X-ray dif&action chart of an alloy powder which has been produced 
through rapid quenching based on strip casting, followed by heat treatment at 1,100'*C for 
12 hours. 

FIG 4 shows a back-scattered electron image of a cross-section of an alloy sample 
which has been treated at 1,100°C for 12 hours. 

FIG 5 is a graph showing the relationship between the amoxmt of La(Feo.89Sio.ii)i3 
formed and the time for heat-treating at 1,100°C. 

FIG 6 shows a back-scattered electron image of a cross-section of an alloy sample 



BRIEF DESCRIPTION OF THE DRAWINGS 
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which has been treated at 1,100'C for 200 hours. 

FIG 7 is a graph showing the relationship between the sintering temperature and 
the sintered product density. . 

FIG 8 is a graph showing the relationship between the temperature for hydrogen- 
treating of sintered LaCFeo.gpSio.iOia (absorption temperature) and the lattice constant of the 
sintered product 

FIG 9 is a graph showing the relationship between the dehydrogenation 
temperature and the lattice constant of La(Feo.89Sio.ii)i3. 

FIG 10 is a back-scattered electron image of an RE-containing alloy sample 
produced in the Example of the present invention. 

FIG 11 is a back-scattered electron image of an RE-containing alloy sample 
produced in the Example of the present invention. 

FIG 12 is a back-scattered electron image of an RE-containing alloy sample 
produced in the Comparative Example of the present invention. 



[First method for producing a first RE-containing alloy] 

The first method of the present invention for producing a first RE-containing alloy 
is directed to a method for producing a starting alloy (the first RE-containing alloy) for an 
NaZni3-type RE-containing alloy that is represented by formula R(Ti,xAx)i3.y (wherein R 



Dy, Ho, Tm, Yb, Gd, and Lu; T represents at least one transition metal selected fi-om 
among Fe, Co, Ni, Mn, Pt, and Pd; and A represents at least one element selected fi-om 
among Al, As, Si, Ga, Ge, Mn, Sn, and Sb (0.05 < x < 0.2; and -1 :S y < 1)). 

The method generally includes a melting step (1) of melting an alloy raw material; 
and a solidification step (2) of solidifying the molten metal produced through the above 



BEST MODE FOR CARRYING OUT THE INVENTION 



represents at least one rare earth metal selected firom among La, Ce, Pr, Nd, Sm, Eu, Tb, 
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Step, to thereby fonn an RE-containing alloy (the first RE-containmg alloy), wherein the 



Each step will next be described in detail. 
<Melting step> 

In the nnielting step, alloy raw materials; i.e., materials containing a rare earth metal 
(R), a transition metal (T), and an element (A), respectively, are mixed, and the mixture is 
melted. 

No particular limitation is imposed on the material containing a rare earth element 
(R), so long as the material predommantly contains at least one species selected from 
among La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Tm, Yb, Gd, and Lu. Examples of such 
materials which can be employed include rare earth metals (purity: >90 mass%, the 
balance being unavoidable impurities such as Al, Fe, Mo, W, C, O, or N) and misch metals 
predominantly containing La, Ce, etc. (rare earth metal content: >90 mass%, the balance 
being unavoidable impurities such as Al, Fe, Mo, W, C, O, or N). 

No particular limitation is imposed on the material containing a transition metal (T), 
so long as the material predominantly contains at least one species selected from among Fe, 
Co, Ni, Mn, Pt, and Pd. Examples of such materials which can be employed include pure 
metals such as Fe, Co, and Ni (purity: >99 mass%). 

No particular limitation is imposed on the material containing an element (A), so 
long as the material predominantly contains at least one species selected from among Al, 
As, Si, Ga, Ge, Mn, Sn, and Sb. Examples of such materials which can be employed 
include metallic silicon (purity: ^95 mass%, the balance being unavoidable impurities such 
as Pb, As, Fe, Cu, Bi, Ni, C, O, or N), metallic Ga, and pure Al. 

These materials containing a rare earth metal (R), a transition metal (T), and an 
element (A), respectively, are weighed so as to attain an alloy composition represented by 
formula R(T|.xAx)i3-y (0.05 < x < 0.2; and -1 ^ y ^ 1), followed by mixing. 

Specifically, when an alloy of La(Feo.88Sioj2)i3 is to be produced, the compositional 



solidification is performed through the "rapid quenching method. 



II 
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proportions in terms of La, Fe, and Si contained in the raw materials preferably fall within 
the ranges of 16.8 to 17.3 mass%, 78.3 to 80.1 mass%, and 4.8 to 5.0 mass%, respectively. 

The thus-produced alloy material mixture is melted by heating at 1,200 to 1,800°C. 
The melting is preferably performed in an inert gas atmosphere at 0.1 MPa (atmospheric 
pressure) to 0.2 MPa. Examples of the inert gas include Ar and He. 

A heating temperature lower than 1,200°C is not preferred because an undesired 
phase other than the R-rich phase and the R-poor phase may be formed, whereas a heating 
temperature higher than 1,800*^0 is not preferred, because vaporization of a rare earth 
metal is promoted excessively, leading to diflBculty in controlling the alloy composition. 
An inert gas atmosphere pressure lower than 0. 1 MPa is not preferred, because 
vaporization of a rare earth metal is promoted excessively, leading to diflBculty in 
controlling the alloy composition, whereas an inert gas atmosphere pressure higher than 
0.2 MPa is not preferred, because the inert gas tends to migrate into the molten metal, 
thereby yielding an alloy having a large number of pores. 
<Solidification step> 

In the solidification step, the molten metal produced through the above melting step 
is rapidly quenched, to thereby form an RE-containing alloy. Rapid quenching may be 
performed through strip casting, new centrifugal casting (employing a tundish of a 
rotatable disk type), centrifugal casting, or a similar method. 

According to the present invention, the solidification step is performed at a cooling 
rate of 10^ to lO'^^C/second, preferably 5 x 10^ to 3 x lO^^'C/second, as measured at least 
within a range of the temperature of the molten metal to 900*^0. 

The present inventor has found that a uniform alloy metallographic microstructure 
which includes a crystalline phase can be formed by controlling the cooling rate in the 
above manner. More specifically, the inventor has found that there can be produced an 
RE-containing alloy which includes an R-rich phase (relatively high rare earth metal (R) 
content) and an R-poor phase (relatively low rare earth metal (R) content), with each phase 
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being minute and being dispersed at a small phase spacing of 0.01 to 100 juim. 

The inventor has also foimd that the R-rich phase and the R-poor phase are 
transformed into an NaZnjs phase by heating the RE-containing alloy within a period of 
time as short as 200 hours or less, to thereby effectively produce an NaZnj3-type RE- 
containing alloy. The reason for the effective production of the alloy is that atoms for 
forming the NaZn^ phase are effectively difiused, to thereby complete NaZn^ phase 
formation within a shorter period than in conventional methods. 

When the cooling rate as measured within a range of the temperature of the molten 
metal to 900°C is less than 10^°C/second, the size and phase spacing of the R-rich phase 
and the R-poor phase increases, leading to diflSculty in formation of a uniform NaZnis 
phase through heat treatment, although an alloy microstructure including the R-rich phase 
and the R-poor phase is formed. When the cooling rate as measured within the same 
range is more than lO'^^C/second, the formed alloy microstructure includes an amorphous 
phase containing a transition metal (T), leading to considerable deterioration in 
pulverization and processing characteristics. These two cases are not preferred. 
<Production apparatus> 

With reference to FIG. 1, an exemplary production apparatus suitably used in the 
first method of the present invention for producing an RE-containing alloy will be briefly 
described, taking as an example the case in which rapid quenching is performed through 
the strip casting method. 

FIG 1 shows the above apparatus including a crucible 1, a tundish 2, a cooling 
roller 3, and a receiving box 4. 

In the apparatus, alloy raw materials are melted in the crucible 1, whereby a molten 
metal 5 is formed. 

The formed molten metal 5 is poured via the tundish 2 onto the cylindrical cooling 
roller 3, which is rotating in a predetermined duection (counterclockwise m FIG. 1). The 
cooling roller 3 is formed of a copper roller or the like cooled by water or a similar 
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medium. The molten metal 5 is rapidly quenched to 900^*0 or lower through contact with 
the roller, to thereby form an alloy. The rate for coolmg the molten metal 5 can be 
regulated by modifying the rotating speed (as represented by peripheral velocity) of the 
cooling roller 3; modifying the amount of the molten metal poured onto the cooling roller 
3; or modifying a similar parameter. 

The thus-formed alloy is removed from the cooling roller 3 in the form of strips 6, 
which are collected into the receiving box 4. According to the present invention, the 
thickness of the formed alloy strips 6 is preferably regulated to 0.1 to 2.0 nrni by modifying 
the amoimt of the molten metal poured onto the cooling roller 3 or a similar parameter. 
Regulation of the thickness of the alloy strips 6 within the above range provides an RE- 
containing alloy which is formed of an R-rich phase and an R-poor phase, the phases 
having a minute size and being dispersed at a minute phase spacing, and which has an 
excellent pulverization characteristic. 

The thus-collected strips 6 are cooled in the receiving box 4 to room temperature, 
and then removed from the receiving box. hi this case, the rate of cooling the alloy 
collected in the receiving box 4 is preferably controlled through thermal insulation or 
forced cooling of the receiving box 4. Thus, by controlling the rate at which the alloy is 
cooled to room temperature performed after the alloy is cooled to 900^*0 or lower by 
means of the cooling roller 3, uniformity in the alloy microstructure can be further 
enhanced. 

[Second method for producing a second RE-containing alloy] 

The second method of the present invention for producing an RE-containing alloy 
is directed to a method for producing an NaZn^-type RE-containing alloy from a starting 
alloy for an NaZni3-type RE-containing alloy produced through the first method for 
producing an RE-containing alloy. 

The production method includes a heat treatment step (3) of heating the starting 
alloy for NaZni3-type RE-containing alloy that is produced through the aforementioned 
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first method. More specifically, the heat treatment step includes heating at 900 to 
1,200°C the starting alloy for NaZni3-type RE-containing alloy that is produced through 
the aforementioned first method, to thereby form an NaZnn phase. The heat treatment is 
preferably performed under reduced pressure or in vacuum. 

The present inventor has found that the R-rich phase and the R-poor phase are 
transformed into an NaZnis phase by heating the RE-containing alloy at 900 to 1,200''C for 
a short period of time falling within a range of one minute to 200 hours, to thereby produce 
an NaZni3-type RE-containing alloy at remarkably high efiBciency. The inventor has also 
found that the produced NaZnia-type RE-containing alloy has an NaZnia phase content of 
at least 90 voL%. 

The ratio of the volume of NaZnjs phase contained in the alloy to that of non- 
NaZni3 phase(s) can be determined by identifying each crystal phase through powder x-ray 
dififractometry; calculating the ratio of "area of the NaZn^ phase*' to "area exhibiting 
contrast differing firom that of the NaZni3 phase," on the basis of a back-scattered electron 
image observed imder a scanning electron microscope; and converting the area ratio to the 
corresponding volimie ratio. 

When the heat treatment temperature is lower than 900°C, a uniform NaZn^ phase 
cannot be formed even when the heat treatment is performed for 200 hours or longer. 
When the temperature is higher than 1,200°C, the NaZnj3 phase may be separated to form 
an undesired phase. Both cases are not preferred. 

As described in detail hereinabove, the method according to the present invention 
includes rapid quenching, under predetermined conditions, of the molten metal produced 
by melting raw materials. Therefore, the method provides a starting alloy for an NaZni3- 
type RE-containing alloy having an alloy microstructure in which an R-rich phase and an 
R-poor phase are minutely and imiformly dispersed and being suitable for producing an 
NaZni3-type RE-containing alloy. From the starting alloy, an NaZn^-type RE-containing 
alloy can be produced through heat treatment for a short period of time of 200 hours or less. 
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Thus, according to the present invention, productivity in the production of an 
NaZnj3-type RE-containing alloy and devices and other products fabricated by use of the 
alloy can be remarkably enhanced, and production costs can be remarkably reduced. 

In addition, the starting alloy in which the R-rich phase and the R-poor phase are 
minutely and uniformly dispersed also has an excellent pulverization characteristic. 
Therefore, the starting alloy has excellent processability and is readily formed into a 
desired shape through pulverization, compacting, and sintering. Thus, an NaZnis-type 
R£-containing alloy product having a desired shape can be readily produced from the 
corresponding starting alloy of the same shape. 

According to the present invention, a high-quality NaZnjs-type RE-containing 
alloy having an NaZn^ phase content of 90 vol.% or higher can be provided. Thus, from 
the NaZni3"type RE-containing alloy, high-performance magnetostrictive devices and 
magnetic refrigerants can be provided. 

[A third RE-containing alloy, an alloy powder comprising the third RE-containing alloy, 
and a method for producing the alloy powder] 

The present invention is also directed to a third RE-containing alloy comprising a 
rare earth element R (wherein R represents at least one species selected from among La, Ce, 
Pr, Nd, Sm, Eu, Tb, Dy, Ho, Tm, Yb, Gd, and Lu); a transition metal element T (wherein T 
collectively represents transition metal elements containing at least Fe atoms, a portion of 
the Fe atoms being optionally substituted by at least one species selected from among Co, 
Ni, Mn, Ft, and Pd); and other elements A (wherein A represents at least one species 
selected from among Al, As, Si, Ga, Ge, Mn, Sn, and Sb); having a composition (atomic 
percentage of R, T, and A represented by r, t, and a, which have the following relationships: 
5.0 at.% < r < 6.8 at.%, 73.8 at.% < t < 88.7 at.%, and 4.6 at.% < a < 19.4 at%), and 
having an alloy microstructure containing an NaZnis-type crystal structure in an amount of 
at least 85 mass%. The invention is also directed to an alloy powder comprising the RE- 
containing alloy, and a method for producing the alloy powder. 
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In the third RE-containing alloy according to the present invention, the 
aforementioned rare earth elements R, transition metal elements T, and other elements A 
are essential for producing an alloy having an NaZma-type crystal structure. 

Conventionally, compositional proportions (rare earth element R, transition metal 
element T, and other element(s) A) suitable for producing the above alloy are considered to 
be the following: 5.5 at% < r < 7.1 at.%, 73.8 at.% < t < 88.7 at.%, and 4.6 at.% < a < 19.4 
at%. Theoretical compositional proportions of r, t, and a in the aforementioned fomiula 
for producing the alloy having an NaZn^-type crystal structure are represented by r : (t + 
a)=l : 13; i.e., r is 7.1 at.%. 

However, according to the present invention, the proportion of the rare earth 
element R contained in the alloy is regulated to 5.0 at.% ^ r < 6.8 at.%, which is less than 
the theoretical range. As a result, a-Fe remains in the RE-containing alloy in an amount 
of 5 mass% or more, whereby mechanical strength of the sintered RE-containing alloy 
which has undergone hydrogen absorption can be maintained. 

Notably, the third RE-containing alloy according to the present invention in some 
cases contains impurities such as O, C, and N. In such a case, the amount of each 
impurity; i.e., O, C, or N, is preferably 1 mass% or less and as small as possible. 

The third RE-containing alloy according to the present invention is preferably cast 
through rapid quenching so as to conveniently form, through heat treatment, an RE- 
containing alloy having an alloy microstructure containing an NaZn^-type crystal structure 
m an amount of at least 85 mass%. Examples of rapid quenching methods include strip 
casting (SC) and centrifugal casting. Taking the SC method as an example, casting of the 
RE-containing alloy according to the present invention will be described in detail. 

According to the method for producing the third RE-containing alloy according to 
the present invention, the alloy raw material is melted m the crucible 1 at 1,500°C to 
1,800°C under inert gas such as Ar or He. The molten alloy 5, prepared by melting the 
alloy raw material, is poured via the tundish 2 onto the copper roller 3, which is cooled by 
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water and is rotating in a direction indicated by the arrow shown in FIG. 1, to thereby 
rapidly quench the alloy. During this process, the cooling rate, as measured within a 
range of the temperature of the molten alloy to 900°C, is controlled to 10^ to lO'^'^C/second, 
preferably to 5 x lO^'^C/second to 3 x 10^**C/second. By controlling the cooling rate in 
such a manner, a uniform alloy micro-structure having a crystalline phase can be readily 
formed. The thus-produced alloy may also be called "RE-containing alloy which has not 
yet undergone heat treatment." 

When the cooling rate is less than lO^^'C/second, the R-rich phase spacing, the R- 
poor phase spacing, and the size of each phase increase. In this case, even when a 
subsequent heat treatment is performed, a uniform NaZnia-type crystal structure is difficult 
to form. When the cooling rate is in excess of lO'^'^C/second, the formed alloy assumes a 
mixture of amorphous metal and Fe, resulting in poor productivity. Both cases are not 
preferred. The molten alloy cooling rate can be controlled to a desired value by 
modifying the rotating speed (as represented by peripheral velocity) of the copper roller 3 
or by modifying the amoxmt of the molten alloy poured onto the copper roller 3. 

FIG. 2 is a back-scattered electron image of a cross-section of a sample of 
La(Feo.89Sio.ii)i3 alloy, which is an example of an alloy having a composition of RrTtAa 
cast through the above rapid quenching method. In a back-scattered electron image of the 
alloy, a portion having a large average atomic weight is observed as a white image, 
whereas a portion having a small average atomic weight is observed as a black image. 
Thus, the R-rich phase, having a high rare earth metal content, is observed as a white 
image, and the R-poor phase, having a rare earth metal content lower than that of the R- 
rich phase, is observed as a gray image. As shown in FIG. 2, the alloy produced through 
the aforementioned rapid quenching method is formed of an R-rich phase, having a 
relatively high rare earth metal content, and an R-poor phase, having a relatively low rare 
earth metal content. The back-scattered electron image of FIG. 2 indicates that the R-rich 
phase (white image) has a size of 5 |Lim or less, that the R-poor phase (gray image) has a 
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diameter of 10 fxm or less, and that the phases are uniformly distributed in the 
microstructure. 

In the microstructure of the cast RE-containing alloy, each of the R-rich phase and 
R-poor phase has a size (diameter) of 30 nm or less, preferably 1 0 ^un or less. Preferably, 
both phases are uniformly dispersed m the structure. When an RE-containing alloy has 
such a microstructure, the difiusion path of elements between the R-rich phase and the R- 
poor phase is shortened. Thus, a-Fe can be dispersed minutely and uniforaily through 
heat treatment carried out for a short period of time. As a result, an RE-containing alloy 
containing an NaZnn-type crystal structure in an amount of 85 mass% or more can be 
readily produced through heat treatment carried out for a short period of time. An RE- 
containing alloy containing an R-rich phase and an R-poor phase each having a size 
(diameter) of 30 |xm or less can be reliably produced by casting through rapid quenching at 
a cooling rate of 10^ to lO'^'^C/second, as measured within a range of the temperature of the 
molten alloy to 900°C. 

Through heat treatment of an alloy which has been cast through the above rapid 
quenching method (i.e., RE-containing alloy which has not yet undergone heat treatment), 
the amoimt of the NaZnis structure contained in the alloy microstructure can be increased 
to 85 mass% or more. FIG. 3 is an X-ray diffraction chart of an alloy powder which has 
been produced by casting the alloy through strip casting, followed by heat treatment at 
1 ,100°C for 12 hours. Notably, the alloy shown in FIG. 3 has been produced from La, Fe, 
and Si serving as raw materials of components R, T, and A, respectively. The 
compositional proportions (at.%) are as follows: r = 6.8%; t = 82.9%; and a = 10.3%. 

The amoimt of NaZnja-structure La(Feo.89Sio.n)i3 formed in the RE-containing 
alloy shown in FIG 3 can be calculated in a simple manner. Specifically, the intensity of 
the maximimi peak attributed to La(Feo.89Sio.n)i3 in powder X-ray dif&actiometry is 
determined; the intensities of the maximum peaks attributed to the phases other than 
La(Feo.89Sio.ii)i3 are determined; and the intensity for La(Feo.89Sio.n)i3 is divided by the 
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sum of the intensity for La(Feo.89Sio.ii)i3 and the intensities for the other phases. 

For example, as indicated by the arrows shown in FIG 3, the maximum peak 
attributed to La(Feo.89Sio.u)i3 is observed at approximately 38.4° through measurement by 
use of a CuKa ray, whereas the maximum peak attributed to a-Fe (a phase other than 
La(Feo.89Sio.ii)i3 ) is observed at 44.7°. Thus, the amount of formed La(Feo,89Sio.ii)i3 can 
be calculated from the following formula: 100 x (the peak intensity at 38.4°)/(the peak 
intensity at 38.4° + the peak intensity at 44.7°) (%). The calculation requires a calibration 
curve indicating the relationship between the intensity ratio and the phase ratio. 
According to the above calculation method on the basis of the chart of FIG 3 and the 
calibration curve, the amount of La(Feo.89Sioji)i3 formed was calculated to be 92 mass% 
and that of a-Fe formed was calculated to be 8 mass%. 

These results are consistent with the features of the back-scattered image. 
Specifically, in the back-scattered electron image of FIG 2 showing the microstructure of 
the RE-containing alloy which has not yet undergone heat treatment, an R-rich phase and 
an R-poor phase each having a small size are observed. However, the back-scattered 
electron hnage of FIG. 4 showing the microstructure of the RE-containing alloy which has 
undergone heat treatment indicates that the structure is formed of La(Fea89Sio. 11)13 and a 
small amount of a-Fe. 

As is clear from FIGs. 2 to 4, in the alloy according to the present invention which 
has been cast through rapid quenching, the R-rich phase and R-poor phase tend to be 
transformed through heat treatment to NaZn^-structure La(Feo.89Sio.n)i3, and the amount 
thereof can be readily elevated to 85 mass% or more. 

The temperature for treating the RE-containing alloy which has been cast through 
the aforementioned method preferably falls within a range of 1,080°C to 1,200°C. For 
example, when the RE-containing alloy is heat-treated in vacuum at a temperature increase 
rate of 1 0 K/minute and a retention time at a maximum heating temperature of one hour, 
the R-rich phase and the R-poor phase contained in the alloy are removed, and 
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La(Feo.89Sio.ii)i3 content increases through heating of the alloy at 1,080X to 1,200^C. 
The La(Feo.89Sio,ii)i3 content exceeds 85 mass%. 

However, when the alloy is heat-treated at a temperature higher than 1,200''C, rare 
earth metal elements present on the surface of an alloy piece are evaporated, resulting in 
rare earth component deficiency. The deficiency mduces decomposition of the NaZnia 
phase. In addition, the size of a-Fe remaining in the alloy increases, thereby affecting 
pulverization performance of the alloy for producing fine powder. Therefore, a heat 
treatment temperature higher than 1 ,200°C is not preferred. When the heat treatment 
temperature is lower than 1,080°C, the amount of the NaZnia phase formed fails to reach 
85%, and in addition to a-Fe, La and lamellar-form Fe tend to remain in the alloy, which is 
not preferred. 

FIG 5 is a graph showing the relationship between the amount of La(Feo.89Sian)i3 
formed and the retention time for heat-treating an RE-containing alloy at a maximum 
retention temperature of 1,100^C. As is clear fi-om FIG 5, in the case where the alloy is 
maintained at 1,100°C, the amoxmt of La(Feo.89Sio.ii)i3 formed gradually decreases when 
the heat treatment time exceeds 12 hours. A conceivable reason for the decrease is that a 
rare earth element component present in the near surface of the alloy piece is released and 
evaporated to yield an alloy microstructure as shown in FIG 6, which should have 
desirably yielded a uniform microstructure as shown in FIG 4. Formation of a defect 
resulting firom the mentioned release or evaporation is not preferred, since pulverization 
characteristics are affected. According to the findings from FIGs. 4 and 5, the heat 
treatment is preferably performed at 1 ,080 to 1 ,200°C for 3 to 42 hours. More preferably, 
the heat treatment is performed at a maximum heat treatment temperature of 1,100 to 
1,120°C and a retention time of 6 to 12 hours. 

The RE-containing alloy which has been cast through rapid quenching and has 
undergone heat treatment (the third RE-containing alloy) assumes the form of flakes, 
which themselves are not suited for producing a magnetic refiigerant or a magnetostrictive 
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material. Therefore, the flakes are pulverized to form a powder having a mean particle 
size of 0. 1 |im to 1 .0 mm. The powder itself or a sintered product obtained by 
compacting and sintering the powder is employed as a magnetic refrigerant or a 
mangetostrictive material. For example, a powder having a particle size of at least 200 
pm is preferably employed as a magnetic reMgerant without further treatment, whereas a 
powder having a particle size less than 200 |xm is preferably sintered to provide a 
magnetostrictive device or a magnetic refrigerant 

The aforementioned third RE-containing alloy can be pulverized by various 
mechanical means in accordance with the target mean particle size of the powder; e.g., a 
jaw crusher (500 ^m or more); a disk mill (50 to 500 pm); and an attriter or a jet mill 
employing an inert gas such as nitrogen or argon (50 jim or less). The produced powder 
is sieved in accordance with need, to thereby form a powder having a desired particle size. 
When a jet mill is employed, the shape of the powder can be regulated by controlling the 
amount of alloy placed in a container of a pulverizer and the pressure of pulverization gas. 

When the amount (as determined through powder X-ray diflfractometry) of the 
NaZni3 structure formed in the aforementioned third RE-containing alloy is less than 85 
mass% and a-Fe content (as determined through powder X-ray dififractometry) is more 
than 15 mass%, ease of pulverization of the alloy by mechanical means is considerably 
deteriorated, whereas when the amoimt of the NaZma structure formed in the alloy is 85 
mass% or more, such an alloy is brittle and readily pulverized. Thus, when the third RE- 
containing alloy is mechanically pulverized, the amoimt of the NaZnis structure formed in 
the alloy and the a-Fe content must be controlled to 85 mass% or more and 15 mass% or 
less, respectively. 

The amount of the NaZnja structure formed in the third RE-containing alloy and 
the a-Fe content can be controlled by modifying the .composition of the alloy and the cast 
alloy heating conditions. In order to control the amount of the NaZn^ structure formed in 
the RE-containing alloy to 85 mass% or more and control the a-Fe content to 15 mass% or 
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less, an RE-containing alloy is cast through rapid quenching, followed by further heat 
treatment at 1 ,080*'C to 1 ,200°C for 3 to 42 hours, the RE-containing alloy being 
represented by a compositional formula of RrTtAa (wherein R represents at least one rare 
earth element selected from among La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Tm, Yb, Gd, and 
Lu; T collectively represents transition metal elements containing at least Fe atoms, a 
portion of the Fe atoms being optionally substituted by at least one species selected from 
among Co, Ni, Mn, Pt, and Pd; A represents at least one element selected from among Al, 
As, Si, Ga, Ge, Mn, Sn, and Sb; and r, t, and a have the following relationships: 5.0 at.% ^ 
r ^ 6.8 at%, 73.8 at.% < t ^ 88.7 at.%, and 4.6 at.% < a < 1 9.4 at%). . 

In the case in which the RE-containing alloy powder is used without performing 
further treatment, the mechanical strength of the alloy powder is enhanced by maintaining 
the amoxmt of a-Fe contained in particles of the powder at 5 mass% or more, thereby 
preventmg crushmg of the powder. As a result, when the powder is employed as, for 
example, a magnetic refrigerant, clogging of a filter is prevented, thereby enhancing 
operational reliability. Therefore, the third RE-containing alloy powder preferably 
contains a-Fe in an amount of 5-15 mass% inclxisive. 

In the case in which the third RE-containing alloy powder is compacted, a compact 
having sufiBcient mechanical strength is produced at a compacting pressure of 0.8 t/cm^ or 
higher. Such a compact can be used without any problem in a subsequent step, such as 
conveying. However, when the alloy powder is compacted at a pressure lower than 0.8 
t/cm^, the produced compact has poor mechanical strength and is difficult to use, because 
of chipping. 

When the compact is sintered in a vacuum or an inert gas atmosphere at 1 ,200 to 
1,400°C, preferably 1,280 to 1,300^C, a high-density RE-containing alloy sintered product 
can be produced. FIG 7 is a graph showing the relationship between sintering 
temperature and density of the sintered product, the product having been obtained from an 
alloy powder having a particle size of 50 to 100 |am. As is clear from FIG. 7, sintering at 
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1 ,280''C or more results in sufficient density of the sintered product For example, a 
compact produced from La(Feo.89Sio.ii)i3 powder (particle size: 50 to 100 pm) is sintered at 
1,280°C for three hours, followed by heating at l,100°Cfor 12 hours, to thereby produce 
sintered La(Feo.89Sio.ii)i3 having a density of 6.9 g/cm*^ or more. 

The Curie temperature of the sintered RE-containing alloy can be controlled by 
absorbing hydrogen into the sintered alloy. FIG. 8 is a graph showing the relationship 
between the absorption temperature and the lattice constant of the sintered RE-containing 
alloy which has absorbed hydrogen. As shown in FIG 8, no change in lattice constant is 
observed from room temperature to 200''C, indicating that hydrogen absorption does not 
occur. At 200°C and higher, an increase in lattice constant induced by hydrogen 
absorption is observed. Accordingly, in order to absorb hydrogen into the sintered alloy, 
the sintered alloy is preferably maintained in hydrogen at atmospheric pressure for one 
hour or longer at a maximum temperature of 200 to 300°C, more preferably 230 to 270^C, 
and cooled in the hydrogen atmosphere. Thus, absorbing hydrogen mto the sintered alloy 
changes the lattice constant, thereby controlling the Curie temperature of the sintered RE- 
containing alloy. 

After completion of hydrogen absorption, excessive hydrogen absorbed in the 
smtered alloy can be released by heating the smtered alloy at 100 to 200'*C under Ar or in 
vacuum. FIG 9 is a graph showing change in lattice constant of a sintered alloy which 
has undergone excessive hydrogen absorption by heating at 400°C in hydrogen at 
atmospheric pressure, followed by dehydrogenation at various temperatures. As is clear 
fix)m FIG. 9, the lattice constant decreases as the dehydrogenation temperature is elevated. 
In particular, decrease in lattice constant is remarkable from about 190*'C. 

When hydrogen is absorbed into a sintered RE-containing alloy having an a-Fe 
content less than 5 mass%, numerous cracks are induced by hydrogen absorption in the 
smtered alloy, leading to deterioration of mechanical strength, which is not preferred. 
Therefore, in the case where the Curie temperature of a smtered RE-containing alloy is 
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controlled tlirough hydrogen absorption, the RE-containmg alloy preferably contains a-Fe 



in the alloy microstructiare in an amount of at least 5 mass% so as to maintain mechanical 
strength of the sintered alloy. In other words, in order to satisfy both pulverization 
efficiency and mechanical strength of the sintered alloy, the RE-containing alloy preferably 
contains a-Fe in an amount of 5-15 mass% inclusive. 

The RE-containing alloy may further contain, other than the NaZn^ structure and 
a-Fe, a second phase in the microstructure. The second phase is provided for exerting an 
effect for eiahancing thermal conversion efficiency by increasing the width of a peak 
attributed to entropy change. 

According to the method for producing a sintered RE-containing alloy of the 
present invention, a plurality of long-term heat treatments, which have conventionally been 
performed, can be omitted, thereby reducing the oxygen concentration. Specifically, a 
smtered alloy having an oxygen concentration of 5,000 ppm or less can be produced. 

The sintered RE-containing alloy produced according to the present invention is 
corroded when exposed to the air or to a wet atmosphere. Therefore, in accordance with 
needs, progress of corrosion can be prevented by coating with resin or metal. Through 
coating, the oxygen concentration and the nitrogen concentration in the sintered alloy can 
be suppressed to 5,000 ppm or less. 

According to the present invention, the oxygen concentration of alloy powder, 
sintered alloy, and compacts can be suppressed to a low level. Thus, even when rare earth 
metals serving as starting materials have a purity of about 98 mass%, satisfactory 
characteristics can be attained. 

When the RE-containing alloy powder of the present invention is employed as a 
magnetic refrigerant, absorption of hydrogen into the RE-containing alloy before 
pulverization provides the following two points: magnetic phase transfer temperature can 
be satisfactorily controlled, and ease of pulverization can be enhanced. 

The sintered RE-containing alloy produced according to the present invention can 
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be employed as a magnetostrictive material for producing a magnetostrictive device. 
Specifically, the device is produced by winding a coil around the sintered alloy product and 
works by changing a magnetic field to cause dimensional changes of the sintered alloy 
product. When the alloy is employed as a magnetic refiigerant, the alloy is charged, in 
the form of a plate, porous sintered product, or powder, into a tube through which a cooling 
mediiim is passed. 



The present invention will next be described by way of an Example and a 
Comparative Example. 

<Example 1> 

Metallic La (serving as a source of rare earth metal (R)), electrolytic iron (serving 
as a source of transition metal (T)), and metallic Si (serving as a source of element (A)) 
were weighed and mixed such that an alloy composition of La(Feo.88Sio.i2)i3 was attained. 
The mixture was melted in an Ar atmosphere at 0.1 MPa, by means of heatmg to 1,600**C. 

Subsequently, by means of a strip casting apparatus shown in FIG. 1, the molten 
metal was poured, onto a copper roller which was cooled with water and rotating at a 
rotating speed of 0.8 82 m/s, at a pour rate of 1 50 g/s and a width of 85 nun, to thereby 
rapidly quench the molten metal, whereby alloy strips having a thickness of 0.28 mm were 
produced. The cooling rate as measured within a range of 1 ,600 to 900^C was found to 
be approximately 1 x 10^*^C/sec. 

FIGs. 10 and 11 are back-scattered electron images of a cross-section of a sample 
of the produced alloy strips. The image of FIG. 1 1 is an enlarged image of FIG. 10. 

As shown in the FIGs., the alloy strip sample was foimd to have a minute 
microstructure in which an R-rich phase (white portion) had a size of 5 \xm or less and an 
R-poor phase (gray portion) had a size of 10 jam or less. 
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The thus-produced alloy strips were heated at 1,100°C for three hours in a vacuum 
atmosphere (<5 Pa), followed by pulverization. The formed powder was analyzed 
through powder X-ray dififractometry. Through analysis, a peak attributed to NaZnia 
structure (containing rare earth metals) was observed, confirming that an NaZnjs phase 
was formed. Through observation of a back-scattered electron image, the NaZnia phase 
content was foxmd to be 90 vol.% or higher. 

According to the present invention, a starting alloy in which an R-rich phase and an 
R-poor phase are uniformly dispersed at a phase spacing of 0.01 to 100 |im can be 
produced. From the starting alloy, an NaZn^-type RE-containing alloy havmg an NaZnn 
phase content of at least 90 voL% can be produced through heat treatment for a time as 
short as one minute to 200 hours. 

<Comparative Example 1> 

A molten metal was prepared in a manner similar to that of the Example, and an 
alloy was produced through the book mold method. Specifically, the molten metal was 
poured into a mold in which copper plates having a thickness of 20 mm were juxtaposed at 
intervals of 30 mm, and allowed to stand for three hours for cooling to SO^'C. 

FIG 12 is a back-scattered image of a cross-section of the produced alloy sample. 

As is clear firom comparison of FIGs. 10 and 12, the alloy of the Comparative 
Example 1 produced through the book mold method has a considerably coarse alloy 
microstructure as compared with that of the alloy of Example 1 produced through rapid 
quenchmg. In addition, the alloy of the Comparative Example includes three or more 
phases; i.e., an R-rich phase, an R-poor phase, and one or more other phases, with each 
phase having a size of 1 00 fim or more. 

The alloy was heated at 1 , 1 OO^'C for three hours, followed by pulverization. The 
formed powder was analyzed through powder X-ray diflfractometry. Through analysis, in 
addition to a peak attributed to NaZnjs structure, peaks attributed to a-Fe and an undesired 
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phase were observed. Through observation of a back-scattered electron image of the 
alloy for analysis of metallographic microstructure and fonned phases, the alloy was found 
to be formed of multiphases, and the undesired phase was found to remain after heat 
treatment of 1, 100°C for 100 hours. The results indicate that removing the undesired 
phase present in the alloy requires a long-period heat treatment. 

<Example 2> 

Metallic La (purity: >98 mass%) (6.5 at%), pure iron (purity: ^99 mass%) (83.2 
at.%), and metallic Si (purity: >99.99 mass%) (10.3 at.%) were melted under Ar, and the 
molten alloy was cast through strip casting, to thereby produce alloy strips having a 
thickness of 0.25 mm. Subsequently, the thus-cast La-Fe-Si alloy was heated in a vacuum 
atl.lOO-'Cfor 12hours. 

The thus-produced La-Fe-Si alloy was pulverized by means of a disk mill, and the 
formed powder was classified by use of a sieve (1 00 ^m). The pulverization efficiency 
was found to be 1 .2 kg/h. Subsequentiy, the thus-produced powder was compacted in a 
nitrogen atmosphere at a compacting pressure of 1 .0 t/cm^. The compact was sintered in 
a vacuum at 1,280°C for three hours, followed by heating at 1,100°C for 12 hours, to 
thereby produce sintered La(Feo.89Sio.ii)i3 alloy. 

X-ray diflfractometry of the sintered alloy shows that the relative peak intensity of 
La(Feo.89Sio.n)i3 alloy, having NaZnia-type crystal structure, is 93 mass%. Regarding a 
phase other than La(Feo.89Sio.ii)i3 alloy, a peak attributed to a-Fe (7 mass%) was observed. 

When the sintered alloy was maintained in hydrogen at atmospheric pressure at 
270''C for one hour, an increase (0.9%) in lattice constant was identified through powder 
X-ray diffractometry, indicating tiiat hydrogen was absorbed in the alloy. Cracking 
caused by an increase in volume was not observed. 

The oxygen concentration and the nitrogen concentration of the sint^ed alloy were 
determined to be 2,250 ppm and 80 ppm, respectively. 
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<Comparative Example 2> 

Metallic La (purity: >98 mass%) (6.5 at.%), pure iron (purity: >99 mass%) (83.2 
at.%), and metallic Si (purity: >99.99 mass%) (103 at.%) were melted under Ar, and the 
thus-produced La-Fe-Si alloy was cast by pouring into a mold in which copper plates were 
juxtaposed at intervals of 30 nun. The cooling rate at the casting, as measured within a 
range of the temperature of the molten alloy to 900°C, was less than lOO'^C/second, 

The thus-obtained alloy was heated at IjlOO'^C for 12 hours. The heated alloy 
was found to contain a-Fe in an amount of 46 mass% and La(Feo.89Sio.ii)i35 having an 
NaZnia structure, in an amount of 54 mass%. The thus-produced alloy was pulverized by 
means of a disk mill, and the formed powder was classified by use of a sieve (100 pm). 
Since the alloy has an a-Fe content in excess of 15 mass%, the pulverization efficiency did 
not reach 0.2 kg/h. Subsequently, the thus-produced powder was compacted in a nitrogen 
atmosphere at compacting pressure of 1 .0 t/cm^. The compact was sintered in vacuum at 
1,280°C for three hours, followed by maintaining at 1,100°C for 12 hours, to thereby 
produce sintered La(Feo.89Sio.ii)i3- 

When the sintered alloy was maintained in hydrogen at atmospheric pressure at 
270®C for one hour, an increase (0.9%) in lattice constant was identified through powder 
X-ray diflfractometry, indicating that hydrogen was absorbed in the alloy. Cmcking of the 
sintered alloy caused by increase in volume was not observed. 

The oxygen concentration and the nitrogen concentration of the sintered product 
were detemiined to be 6,200 ppm and 130 ppm, respectively. 

The percent volume increase in a magnetic field of a device produced firom the 
alloy was foxmd to be 40% or less based on that of a device produced fi-om the alloy of the 
Example. 



<Comparative Example 3> 
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Metallic La (purity: >98 mass%) (7.0 at%), pure iron (purity: >99 mass%) (82.7 
at.%), and metallic Si (purity: >99.99 mass%) (10.3 at%) were melted under Ar, and the 
molten alloy was cast through strip casting, to thereby produce alloy strips having a 
thickness of 0.25 mm. Subsequently, the thus-cast La-Fe-Si alloy was heated in a vacuum 
at 1,100°C for 12 hours. The thus-produced alloy was pulverized by means of a disk mill, 
and the formed powder was classified by use of a sieve (1 00 ^im). The pulverization 
efficiency was found to be 1 .3 kg/h. Subsequently, the thus-produced powder was 
compacted in a nitrogen atmosphere at compacting pressure of 1 .0 t/cm\ The compact 
was sintered in vacuum at 1, 280*^0 for three hours, followed by maintaining at 1,100**C for 
12 hours, to thereby produce sintered La(Feo.89Sio.ii)i3. 

The sintered product was found to have an La(Feo.89Sio.n)i3 content, as measured 
from the relative peak intensity of La(Feo.89Sio.i 1)13, of 99 mass%. Regarding a phase 
other than La(Feo.89Sio.ii)i3, 1 mass% of a-Fe was determined from the peak intensity of a- 
Fe. 

When the sintered product was maintained in hydrogen at atmospheric pressure at 
270*^0 for one hour, an increase (0.9%) in lattice constant was identified through powder 
X-ray diflfractometry, indicating that hydrogen was absorbed in the product. The sintered 
product of the solid form was cracked through absorption of hydrogen, to thereby form its 
powder products. 



The RE-containing alloy according to the present invention can be utilized to 
produce a magnetstrictive device and a magnetic refrigerant, and thus has industrial 
applicability. 



INDUSTRIAL APPLICABILITY 
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CLAIMS 



1 . A method for producing an RE-containing alloy represented by formula R(Ti-xAx) 1 3-y 
(wherein R represents at least one species selected from among La, Ce, Pr, Nd, Sm, Eu, Tb, 
Dy, Ho, Tm, Yb, Gd, and Lu; T represents at least one species selected from among Fe, Co, 
Ni, Mn, Pt, and Pd; and A represents at least one species selected from among Al, As, Si, 
Ga, Ge, Mn, Sn, and Sb (0.05 < x < 0.2; and -1 < y < 1)) comprising a melting step of 
melting alloy raw materials at 1,200 to 1,800°C; and a solidification step of rapidly 
quenching the molten metal produced through the above step, to thereby form the first RE- 
containing alloy, wherein the solidification step is performed at a cooling rate of 10^ to 
lO'^'^C/second, as measured at least within a range of the temperature of the molten metal to 
900**^ 

2. The method for producing an RE-containing alloy according to claim 1 , wherein, in 
the melting step, the alloy raw material is melted in an inert gas atmosphere at 0. 1 to 0-2 
MPa. 

3. A method for producing the first RE-containing alloy according to claim 1, wherein in 
the solidification step, the molten metal is rapid-quenched through any of strip casting, 
new centrifrigal casting, and centrifiigal casting. 

4. A method for producing the RE-containing alloy according to claim 3, wherein.the 
molten metal is rapidly quenched through strip casting in the solidification step, to obtain 
strips having a thickness of 0-1 to 2.0 mm. 



5. A method for producing an RE-containing alloy comprising a melting step and a 
solidification step for producing the RE-containing alloy according to claim 1, and a heat 
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treatment step of heating at 900 to i;200°C the RE-containing alloy that is produced 
through the solidification step, to thereby form an NaZnis phase. 

6. The method for producing an RE-containing alloy according to claim 5, wherein the 
NaZnia phase is formed through the heat treatment step, which is performed for a period of 
from one minute to 200 hours. 

7. The method for producing the RE-containing alloy according to claim 6, wherein the 
heat treatment is performed at a temperature of 1080°C to 1200®C and for a period of from 
3 to 42 hours. 

8. An RE-containing alloy which is obtainable through the method of any one of claims 1 



9. An RE-containing alloy, which is represented by the formula R(Ti.xAx)i3.y (wherein R 
represents at least one species selected from among La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, 
Tm, Yb, Gd, and Lu; T represents at least one species selected from among Fe, Co, Ni, Mn, 
Pt, and Pd; and A represents at least one species selected from among Al, As, Si, Ga, Ge, 
Mn, Sn, and Sb (0.05 < x ^ 0.2; and -1 ^ y < 1)), and which comprises an R-rich phase, 
having a relatively high rare earth metal (R) content, and an R-poor phase, having a 
relatively low rare earth metal (R) content, wherein the R-rich phase and the R-poor phase 
are dispersed at a phase spacing of 0.01 to 100 jtun. 

1 0. An RE-containing alloy, which is represented by the formula R(Ti-xAx)i3-y (wherein 
R represents at least one species selected from among La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, 
Tm, Yb, Gd, and Lu; T represents at least one species selected from among Fe, Co, Ni, Mn, 
Pt, and Pd; and A represents at least one species selected from among Al, As, Si, Ga, Ge, 



to 4. 
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Mn, Sn, and Sb (0.05 < x < 0.2; and -1 ^ y ^ 1)), wherein the alloy has an NaZnia phase 
content of at least-90 vol.%. 

11. A magnetostrictive device provided from the RE-containing alloy according to claim 



12. A magnetic refrigerant provided from the RE-containing alloy according to claim 10. 

13. An RE-containing alloy, which is represented by a compositional formula of RrTtAa 
(wherein R represents at least one rare earth element selected from among La, Ce, Pr, Nd, 
Sm, Eu, Tb, Dy, Ho, Tm, Yb, Gd, and Lu; T collectively represents transition metal 
elements containing at least Fe atoms, a portion of the Fe atoms being optionally 
substituted by at least one species selected from among Co, Ni, Mn, Pt, and Pd; A 
represents at least one element selected from among Al, As, Si, Ga, Ge, Mn, Sn, and Sb; 
and r, t, and a have the foUowmg relationships: 5.0 at% < r ^ 6.8 at%, 73.8 at% :< t ^ 88.7 
at.%, and 4.6 at.% ^ a ^ 19.4 at.%) and having an alloy microstmcture containing an 
NaZni3-type crystal structure in an amoimt of at least 85 mass% and a-Fe in an amoxmt of 
5-15 mass% inclusive. 

14. A method for producing an RE-containing alloy powder, comprising pulverizing, by 
mechanical means, the RE-containing alloy according to claim 13 to a powder having a 
mean particle size of 0.1 ^im to 1.0 mm. 

15. An RE-containing alloy powder comprising an RE-containing alloy according to 
claim 13, which has a mean particle size of 0.1 ^rni to 1.0 mm. 



10. 



1 6. A magnetic refrigerant comprising the sintered RE-containing alloy powder 
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according to claim 15, wherein the Curie temperature of the magnetic refrigerant has been 
controlled through absorption of hydrogen in the sintered RE-containing alloy. 

17. A method for producing a sintered RE-containing alloy, which comprises compacting 
an RE-containing alloy powder produced through a method for producing an RE- 
containing alloy powder according to claim 14, and sintering the compact. 

1 8. The method for producing a sintered RE-containing alloy according to claim 17, 
wherein the sintering is performed at 1,200°C to 1,400°C. 

19. The method for producing a sintered RE-containing alloy according to claim 17 or 1 8, 
wherein, after completion of sintering the RE-containing alloy powder, the sintered alloy is 
maintained in a hydrogen atmosphere at 200°C to 300°C, to thereby absorb hydrogen into 
the sintered alloy. 

20. A sintered RE-containing alloy, which is formed by compacting the RE-containing 
alloy powder according to claim 15, and sintering the compact. 

21. A magnetostrictive material comprising the sintered RE-containing alloy according to 
claim 20, wherein the Curie temperature of the magnetostrictive material has been 
controlled through absorption of hydrogen into the sintered RE-containing alloy. 

22. A magnetic refrigerant comprising the sintered RE-containing alloy as recited in 
claim 20, wherein the Curie temperature of the magnetic refrigerant has been controlled 
through absorption of hydrogen into the sintered RE-containing alloy. 
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